pression to less than 50 nmol/L or 1.8 ng/dl is highly specific for the exclusion of Cushing syndrome. When doubt remains as to the possibility of pseudo-Cushing syndrome, a combined CRH-low-dose dexamethasone suppression test may be used. As described, patients receive 0.5 mg of dexamethasone every 6 hours for 24 hours followed by a 1-ng/kg intravenous dose of CRH. 25, 27, 28 In patients with Cushing syndrome, CRH should overcome the suppressive effects of dexamethasone, and the serum cortisol level at 15 minutes should be greater than 1.4 ng/dl. A single midnight serum cortisol reading reportedly has an excellent sensitivity for diagnosing Cushing syndrome, but its specificity remains uncertain due to the lack of adequate control groups. 34, 35 The measurement of cortisol levels in the saliva has been reported in the diagnosis of Cushing syndrome and has several advantages over serum cortisol levels: it is a noninvasive measurement, is useful when blood sampling is difficult, and eliminates the confounding effects of cortisol elevation from venipuncture. In addition, it is an accurate index of free, biologically active serum cortisol, 6 unaffected by the estrogen milieu, which is known to increase corticosteroid-binding globulin levels. Salivary cortisol measurements are an alternative to UFC in patients who fail to properly collect urine over 24 hours. 36 Once the presence of Cushing syndrome has been established, the source of cortisol excess must be determined. Although low ACTH levels (Ͻ 5 pg/ml) exclude Cushing disease, higher levels require further testing to distinguish a pituitary from an ectopic source of ACTH secretion. No single test provides an absolute distinction, but the combined results of several tests generally provide a preponderance of evidence. These tests include the high-dose dexamethasone suppression test, dynamic testing with metyrapone (750 mg every 4 hours for six doses) or CRH (1 ng/kg intravenously), and inferior petrosal sinus sampling. 29 The high-dose dexamethasone suppression test is used to compare steroid levels (either serum cortisol, 24-hour urinary 17-hydroxycorticosteriods, or 24-hour UFC) prior to and the morning after either a 2-mg dose of dexamethasone every 6 hours for 48 hours or after a single 8-mg dose of dexamethasone administered in the evening (11 p.m.) . Patients with pituitary-dependent ACTH secretion should suppress serum cortisol more than 50%, UFC more than 90%, and 17-hydroxycorticosteriods more than 64 to 69%. 1 Inferior petrosal sinus sampling is particularly useful in establishing a pituitary source for Cushing disease but is of less utility in cases of lateralizing the tumor. 30 
Utility of MR Imaging in Cushing Disease
Although MR imaging is the most sensitive imaging modality for assessing the pituitary, 10, 11, 40 the reported experience in the evaluation of MR images obtained in patients with Cushing disease is variable, with a sensitivity ranging from 22 to 92% 5, 10, 11 Pituitary adenomas are classically categorized by size as either microadenomas (Ͻ 10 mm) or macroadenomas (Ն 10 mm). Although the majority of pituitary adenomas are macroadenomas on diagnosis, ACTH-secreting adenomas tend to be microadenomas that are intrasellar in location. 14, 15 The limitations of MR imaging in visualizing pituitary adenomas can be due to several variables, including field strength, technique (choice of pulse sequence), and method of analysis (experience and number of reviewers, blindness to the definite diagnosis); additionally the characteristics of the tumor, including tumor size, can affect detection on conventional imaging.
On contrast-enhanced T1-weighted spin echo images, the tumors are usually round or oval and exhibit a loss of signal intensity compared with the normal portion of the pituitary gland due to differences in the dynamics between the tumor and normal pituitary gland. In many cases of MR imaging-negative Cushing disease, however, the more heavily T1-weighted signal of the pituitary adenoma is identical to that of the unaffected pituitary gland, necessitating further imaging investigation. In selected cases, T2-weighted MR images can be of use when a tumor is not demonstrated on standard T1-contrasted images. On T2-weighted imaging, the signal intensity of pituitary adenomas is slightly hyperintense to that of the normal anterior lobe, resembling the temporal cortex and white matter. 4 In cases in which T1-weighted MR imaging is negative or the results are equivocal, a variety of more sensitive imaging tools have shown promise in detecting adenomas in patients with Cushing disease. Dynamic MR imaging ( Fig. 1) takes advantage of the ACTH-secreting adenoma's characteristic slow enhancement compared with the normal pituitary. 8 The authors of several studies have demonstrated that the timing of postcontrast imaging is critical in diagnosing an adenoma, because the maximal contrast of the adenoma-normal pituitary following Gd injection may occur in some cases within seconds and last for only a few minutes. 38, 43 Thus, a critical phase of contrast enhancement may be missed by conventional spin echo MR imaging, which usually takes several minutes to perform. Modern MR technology now allows further dynamic studies, such as acquisition of images within seconds after the injection of Gd, allowing dynamic MR imaging to capture the early maximal contrast between tumors and normal pituitary tissue.
Initial studies involving dynamic spin echo imaging with a temporal resolution of 20 to 60 seconds demonstrated that the best contrast for microadenomas was obtained on earlyphase dynamic images, acquired 30 to 90 seconds after Gd injection, and the studies also showed that the contrast decreases on images obtained several minutes later. 37 The results of newer studies performed in patients with pituitary microadenomas of different causes support this hypothesis, 9,18,37 but most of these studies have been limited by small patient numbers, lack of controls, and the variability in the type of MR imaging technology. 18 The true value of dynamic MR imaging in patients with Cushing disease thus remains to be determined.
Spoiled gradient recalled acquisition in the steady-state MR imaging (Fig. 2) involves acquiring thin image sections of 1-mm thickness (compared with 2.5-3 mm on standard spin echo images), using a spoiler gradient to shorten repetition time. 32 The SPGR technique allows for a substantial improvement in the spatial resolution of images that are acquired. In a study of 30 children with Cushing disease, Batista et al. 2 reported that the overall probability that postcontrast spin echo MR imaging would be positive in a child with surgically proven Cushing disease was 25%, whereas the probability of a positive postcontrast SPGR MR imaging study in the same patient was 71%. Similar data have been reported in adults as well. 32 
Surgical Strategies in Patients With Negative MR Imaging
Microscopic transsphenoidal surgery is the treatment of choice in patients with Cushing disease and is the first treatment in the majority of our patients. 13, 24 Over time, our strategy has gradually evolved to include the endoscopic approach in patients with negative MR imaging to facilitate exposure and resection, although we have had success with the microscope as well (Video 1). VIDEO 1. Video identifying a tumor in a patient in whom MR imaging was negative. After a bloodless exposure of the sella, the surface of the pituitary gland is examined thoroughly for the presence of tumor. If no tumor is immediately visualized a vertical paramedian incision is made, with the dissection proceeding in a progressive posterior and lateral direction in an attempt to identify a tumor. If no tumor is identified, then the same maneuver is repeated via a paramedian incision on the contralateral side. If a tumor is still identified, then the inferior mesial portion of the gland is dissected via a transverse incision, leaving a central wedge of gland still attached to the pituitary stalk. The differences from the traditional microscopic approach are the more magnified views of areas that are out of a microscope's line of sight and the ability to move the endoscope in for dynamic views of areas of interest. With the 0 and 30˚endoscopes, the sellar floor, cavernous sinus walls, and diaphragm can be directly inspected. When the anatomy is not completely visualized, the 30˚endoscope can be used.
Click here to view with Windows Media Player and a broadband connection or here to view with RealPlayer.
Our standard approach now is to use a binasal three-or four-hand technique (in lieu of an endoscope holder), with a posterior septectomy preserving the middle turbinates unless the nasal cavity is exceptionally small. 17 The advantage of the endoscopic exposure in patients with negative MR imaging is a broad exposure of the sella, permitting visualization and examination of the pituitary gland. Patients are positioned in a semirecumbent position (~ 20˚ back up) with the head placed in a horseshoe headrest. Patties soaked in 1:1000 epinephrine are placed between the middle turbinates and the septum prior to preparation and draping. After draping, the patties are removed, and using a 25-gauge 1.5-in needle or spinal needle, the middle turbinate, posterior portions of the septum and rostrum, and the region around the sphenopalatine foramen are injected submucosally with 0.2% ropivacaine with 1:200,000 epinephrine.
The 0˚ endoscope is first used to inspect both nasal cavities. The side with the greater working space is chosen for the initial dissection of the posterior septum and for the sphenoidotomy (if there is a deviated septum, for example, the wider nasal cavity is used). If the sides are equal in size, our preference is to perform the greater part of the dissection in the right naris. Prior to beginning the dissection, the endonasal anatomy is identified, including the middle and inferior turbinates, the choana, and, most important, the superior turbinates and sphenoid ostia. This initial orientation helps to prevent the undesirable breach of the anterior cranial fossa, as there is a tendency to deviate superiorly when a surgeon is inexperienced with the endoscope.
The middle turbinates are lateralized and the sphenoid ostium is identified in the inferior-third portion of the superior turbinate. The mucosa surrounding the sphenoid ostium is cauterized and the septum is reflected into the contralateral nasal cavity by detaching it from its junction with the sphenoid rostrum. This allows the contralateral sphenoid ostium to be identified, and the bone between the two ostia is removed. This initial sphenoidotomy is then enlarged, and a posterior septectomy is performed. We have found that the soft-tissue shaver provides a more rapid and precise removal of the septal mucosa than do the throughbiting instruments.
A wide anterior sphenoidotomy is performed including both sphenoid ostia and the lateral regions at the base of the sella. The superior limit should allow visualization of the planum sphenoidale, the optic protuberances, and the opticocarotid recesses. During tumor resection, because the endoscope will be positioned superolaterally, the sphenoidotomy will need to be large enough to accommodate the endoscope without obstructing the flow of instruments. The inferior limits of the sphenoidotomy must allow suction to pass freely to the floor of the sella. In general, the vomer does not need to be completely removed to provide this exposure, and its presence helps establish an anatomical midline if reoperation is necessary.
The panoramic view of the sphenoid anatomy provides information regarding the midline and limits of the sella. Under endoscopic guidance, the vomer and the midpoint between the carotid protuberances or the opticocarotid recesses can be used as midline markers. Once the intersphenoid sinus septae are removed, the carotid and optic protuberances are identified, as are the opticocarotid recesses, clivus, sella, and planum. We have found that all of these landmarks are not always visible. Nevertheless, enough of the anatomical landmarks are usually visible so that the sellar anatomy can be determined. If doubt remains, intraoperative video fluoroscopy is performed.
In general, the posterior septectomy and sphenoidotomy are performed using a two-handed mononostril technique, with the endoscope in one hand and an operative instrument in the other. The contralateral nostril is accessed at times, particularly during the septectomy, but most of the endoscopy and dissection is performed via one nostril. From this point on, the operation proceeds through a binasal three-or four-hand approach, with the endoscope and suction in one nostril and the operative instrument in the other. Interplay is required between the endoscopist and the surgeon. The endoscope should follow the instruments into and out of the nose and dynamically focus on the field of interest.
The sellar floor is then opened to the limits of the cavernous sinus laterally, the turberculum and planum are opened superiorly, and the sellar floor is opened inferiorly. We have not found it necessary to use a drill for the sellar opening, and we often simply fracture the sellar floor or open it using a fine chisel. At times, a small vessel can be seen to exit the dura mater over the pituitary gland. We have found that this vessel correlates with the anatomical midline and can be used in addition to the other midline markers. The 0˚ endoscope is used during most of the operation.
The key to tumor resection involves obtaining a bloodless surgical field. When the sella is opened, the surface of the pituitary gland is examined thoroughly for the presence of a tumor. If a tumor is identified, an attempt is made to remove the entire capsule. If an extracapsular dissection is not possible, the tumor resection proceeds in a manner similar to that of the microscopic adenomectomy, with removal of the inferior, lateral, and finally the superior portions of the tumor against the diaphragm. If no tumor is immediately visualized, a vertical paramedian incision is made with the dissection proceeding in a progressive posterior and lateral direction in an attempt to identify a tumor. If no tumor is identified, then the same maneuver is performed via a paramedian incision on the contralateral side. If, after this, no tumor is identified, the inferior mesial portion of the gland is then dissected through a transverse incision, leaving a central wedge of gland still attached to the pituitary stalk. The operation is typically considered complete at this stage in pediatric patients and women of childbearing age who desire fertility. In other patients, the decision to undertake a hypophysectomy is made on a case-by-case basis, depending on the patient's condition and prior operations and results of laboratory studies and inferior petrosal sinus sampling. The differences from the traditional microscopic approach are the more magnified views of areas that are out of a microscope's line of sight and the ability to move the endoscope in for dynamic views of areas of interest. With the 0 and 30˚ endoscopes, the sellar floor, cavernous sinus walls, and diaphragm can be directly inspected. When the anatomy is not completely visualized, the 30˚ endoscope can be used. In these situations intraoperative ultrasonography may also be useful in clarifying the relationship to the cavernous sinus and occasionally in determining the presence of tumor. 46 Patients in whom remission is not achieved at surgery deserve mention. Repeated surgery for a total hypophysectomy is considered for adult patients, beyond their reproductive years, in whom a tumor was pathologically identified but in whom remission was not achieved. The Gamma Knife is considered for patients in whom no tumor was identified intraoperatively. In such cases, Oldfield et al. 31 have reported on the use of multiple, blind incisions in the pituitary gland to infarct small tumors that may be present, a strategy that we have found useful in some patients.
If a CSF leak is noted during surgery, we place a fat graft within the sella. Appropriately sized fat grafts can be difficult to place within the nose, and at times a nasal speculum must be used to provide access. Often we will also insert a dural substitute against the diaphragm and in a subdural plane over the fat. If no CSF leakage is noted, we simply place Gelfoam within the sella. If adequate septal bone is not harvested intraoperatively (as is the norm), a tailored bioabsorbable graft is sized using a 0.5 ϫ 0.5-in patty and placed in an extradural plane under the remaining sellar bone. In the case of a CSF leak, we usually do not fill the sphenoid sinus with fat; if we do, however, we first remove the sphenoid mucosa. Otherwise, every attempt is made to preserve the sphenoid mucosa, and it is disrupted over the sella only.
Radiosurgery in MR ImagingNegative Cushing Disease

Radiosurgery for Pituitary Adenomas
Radiotherapy was originally the adjuvant treatment of choice in patients with recurrent or residual pituitary adenomas. However, because of its slower rate of hormonal normalization and increased incidence of associated complications, radiotherapy has fallen out of favor for the treatment of pituitary adenomas. 12 Unlike traditional fractionated radiotherapy regimens, the idea behind radiosurgery is to deliver an overwhelming dose of radiation to a tumor in a single session. Image guidance and a steep falloff are used to spare the surrounding tissues from the harmful effects of radiation. Radiosurgery is performed using the Gamma Knife, a LINAC-based system, or proton beams produced by cyclotrons.
Gamma Knife surgery usually involves multiple isocenters of different beam diameter to achieve a dose plan that conforms to the irregular 3D volumes of most mass lesions. 20 The total number of isocenters may vary depending on the size, shape, and number of lesions. The recent version of the Gamma Knife, Perfexion, combines advances in dose planning, beam collimation, and robotic engineering, and it obviates the need to set coordinates manually for each isocenter. In LINAC-based radiosurgery, multiple radiation arcs are utilized to "crossfire" photon beams at a target defined in stereotactic space. 28 Most of the systems functioning at present use nondynamic techniques in which the patient couch is set at an angle and the arc is moved around its radius to deliver radiation that enters the skull through many different points. Numerous techniques have been developed to enhance conformity of dose planning and delivery using LINAC-based systems. These include beam shaping and intensity modulation. Newer developments include the introduction of jaws, noncircular, and mini-and microleaf collimators. The conformal beam can be delivered with the micromultileaf collimator or conformal blocks.
Proton-beam radiosurgery takes advantage of the intrinsic superior dose distribution of protons compared with photons because of the Bragg peak at treatment depth. 47 These facilities are available at a limited number of centers only due to financial, personnel, and logistical constraints. The effective delivery of radiation to a target requires clear and accurate imaging of that target. Over the past 20 years, significant advances have increased the efficacy and safety of radiosurgical treatment of pituitary lesions.
Tumor localization for dose planning is better achieved with enhanced coronal MR imaging than with computed tomography scanning. An MR imaging sequence consisting of postcontrast, thin-slice (for example, 1-mm) volume acquisition is typically utilized to define the tumor within the sellar region. In patients with a history of surgery, fatsuppression techniques can prove useful for differentiating tumor from surgical fat grafts. Computed tomography scanning is generally used in patients who cannot undergo
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Negative magnetic resonance imaging in Cushing disease MR imaging, for example, those with pacemakers. Positron emission tomography and higher-field strength MR imaging (for example, 3 tesla and higher) may further enhance radiosurgical targeting.
In the vast majority of cases, we use radiosurgery to treat patients in whom prior transsphenoidal microsurgery has failed. As such, it is useful to evaluate the preoperative MR images and discuss the surgical findings with the microsurgical team before treatment, particularly when determining which patients have tumors that may involve the cavernous sinus. Radiosurgery can be successful in achieving hormonal normalization in patients in whom MR imaging has been negative, and generally we use the entire sellar region (including the inferior dura) as a target in these cases (Fig.  3) . In our experience with using radiosurgery to treat patients with Cushing disease, the remission rate has been approximately 54% in all patients, including those with negative MR imaging (mean dose to the sella 23 Gy). 16 Tumors that are suspected to involve the cavernous sinus deserve special mention. Although the tolerable limit to the cavernous sinus nerves is unknown, authors have described effective radiosurgical doses of between 19 and 23 Gy to this region without major side effects. 19, 23, 26, 33, 41, 42 Injury to the cavernous segment of the carotid artery is rare after radiosurgery, with few isolated case reports, and the nerves of the cavernous sinus appear to be relatively radioresistant. 21 In some cases, blocking patterns can also be used to effectuate radiation delivery while shielding vital structures. These patterns are often used to distort the peripheral isodose curves away from the optic apparatus because of the radiosensitivity of this structure around the optic apparatus and cavernous sinus.
The risk of major complications following radiosurgery is low. The most common complication is late-onset hypopituitarism, which can be seen in up to 30% of patients followed for Cushing disease. 16 However, the latency of such effects may be long (Ն 10 years) and, as such, warrants continued neurological, endocrine, and radiological follow-up. The authors of a long-term study from the Karolinska Institute, with a mean follow-up of 17 years, reported a 72% incidence of hypopituitarism. 44, 45 
Conclusions
Pituitary adenomas in Cushing disease can be challenging in cases in which MR imaging is negative. In such situations, it is critical to ensure that the diagnosis of Cushing disease is a correct one. The endoscope and radiosurgery are both valuable tools in achieving endocrine remission in patients with MR imaging-negative Cushing disease.
